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Abstract

The gas and chemical flooding for reservoir stimulation with residual hydrocarbons reserves are highly relevant problem of
current oil and gas recovery strategy. The objective of this paper is laboratory study and field implementation of new gas-EOR
technology—in situ carbon dioxide generation technique for CO,-liquid slug formation under oil displacement, increasing
the reservoir sweep efficiency and residual oil recovery. This paper presents a summary of a wide range of laboratory tests
conducted on different core samples and chemical compositions. Several physical and hydrodynamic phenomena of in situ
CO, generation in highly permeable zones of a porous medium have been investigated as a part of complex study, which
involved laboratory tests on the field-scale industrial technology applications, determination of optimal concentrations of
foaming agents and inhibiting additives in gas-releasing solutions, etc. The results of laboratory experiments showed that the
incremental recovery ranged between 30 and 35% oil original in place. The unique results of the field implementation provide
developing an optimal technological scheme of reservoir stimulation with residual oil reserves both onshore and offshore
oil fields. Technology of in situ CO, generation was applied on the group of wells on Penglai offshore oil field (Bohai Bay).
Incremental oil production for field operation was 37,740 bbl of crude oil. Theoretical and laboratory studies, as well as the
outcomes of industrial implementation of a new method of residual oil recovery, using a CO,-slug confirm technology and
economic profitability of the proposed solution.
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Introduction

The downward trend in oil production at a significant num-
ber of mature oil and gas fields is one of the main reasons for
enhanced oil recovery technologies becoming an important
and definitive factor in the recovery of residual oil reserves
(Farajzadeh et al. 2021, Mofrad and Dehaghani 2020).

In oil-producing regions, the main volume of hydrocar-
bons is recovered with water flooding technology in com-
bination with tertiary methods of enhanced (EOR) and
improved oil recovery (IOR) (Fig. 1) (Sondak 2018, Lake
et al. 2014). Carbon dioxide injection as a tertiary method
during the water flooding stage is one of the ways to increase
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oil recovery, extend the life of field and increase the profit-
ability of the field in general (Dake 1998, Liu et al. 1975,
Hussain et al. 2020). Due to the fact of the potential benefits,
there is an industrial interest in the CO,-EOR-based meth-
ods. The wide implementation of such projects is hindered
mainly by the lack and remoteness of industrial CO, sources
with regard to the oil fields and weak financial and economic
outputs that address environmental problems (Kristanto
et al. 2020, Hu et al. 2020, Al Yousef et al. 2020, Shakhver-
diev and Panahov 2000). A relatively effective way to recy-
cle carbon dioxide is to use it in the EOR processes. Despite
the existence of an extensive pipeline infrastructure for CO,
transportation in the main oil producing regions, the risks
associated with the capture and storage of CO, during trans-
port and storage operations (the necessity of a detailed study
of the physical and chemical processes in the reservoirs;
the optimal placement, that accounts for the seismic activ-
ity of the gas storage area; captured CO, phase evaluation,
etc.) significantly reduce the possibility of CO, utilization in
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Fig.1 Actual and forecast distribution of methods for increasing oil recovery under the new energy policy (New Policies Scenario)

EOR processes (Assef and Almao 2019, Yousef et al. 2020,
Choubineh et al. 2019, Eide et al. 2019).

The effectiveness and demand for carbon dioxide technol-
ogies are confirmed by more than 35 years of global experi-
ence in implementing CO, injection processes for enhanced
oil recovery. In the USA, there are more than 13,000 wells
involved in CO,-EOR projects, more than 5600 km of high-
pressure pipelines have been constructed for CO, transporta-
tion, and more than 600 million tons of carbon dioxide has
been injected into the reservoirs and about 245,000 bpd of
oil produced under CO,-EOR projects (Valluri et al. 2020;
Eide et al. 2019; Zhang et al. 2016). Field operations of
carbon dioxide injection are widely applied on the oil fields
in China, with large-scale projects performed during injec-
tion of flue gases with a high content of carbon dioxide (as
thermal power plants waste) (Hu et al. 2020; Kim and Lee
2017; Zhang et al. 2016).

A number of carbon dioxide flooding projects are being
implemented over Liaohe oil field, the third largest oil
field in China, which is currently experiencing a decline
in oil production (Hu et al. 2020). The field test of CO,
EOR technology is carried out on the power plant Huafu
Electrical Appliance Co., Ltd., the flue gases of which are
injected into the reservoir, because of high carbon dioxide
content of 12—-13%. It is well known that the implementa-
tion of EOR projects is largely determined by the influence
of the economic situation and oil prices. The initiation of
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EOR technologies depends on the willingness of investors
to manage the potential financial risks of such innovations,
the possible economic effect, as well as the availability of
attractive investment opportunities (Farzaneh et al. 2016).

An effective solution of these limitations was found in
the area of rheo-gas-chemical technologies for in situ gen-
eration of carbon dioxide (Bakhtiyarov 2006; Huang and
Holm 1988; Hussain et al. 2020; Panakhov and Omrani
2008; Speight 2019). Carbon dioxide is an active “energy”
component of the gas—liquid slug formation reaction,
which have the properties of directed (oriented) action on
stagnant and poorly drained reservoir zones. Carbon diox-
ide gas, generated as a result of gas—liquid slug formation,
and its other critical characteristics make its utilization in
the recovery of hard-to-recovery oil (Saleh and Mukaila
2019, Panakhov and Omrani 2008; Zhang et al. 2004;
Rodosta 2017).

In situ generation of carbon dioxide is more effective in
terms of changing the thermobaric conditions of the res-
ervoir, and naturally affects the dynamics of the filtration
process, changing viscosity ratio of the chemical solutions
involved in the rheochemical reaction, the volume factor,
residual oil saturation, etc. CO, dissolution in the reservoir
fluids leads to the changes in their rheophysical character-
istics. The main technological advantage of the new in situ
techniques of CO, generation is the ability to control the vol-
ume and pressure of the formed gas (gas—liquid) slug while
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minimizing capital and operating expenditures for planning
the field operations and following application.

In situ generation of desired volumes of carbon dioxide
eliminates several drawbacks of conventional technologies
of production, such as a delivery and injection of CO, gas.
By retaining the advantages of gas stimulation of the res-
ervoir, new in situ techniques generate the localized high-
pressure zones in the reservoir, which stimulate the recov-
ery of residual oil from stagnant zones of the formation.
Although it is possible to generate significant amounts of
carbon dioxide, by controlling the injection of the reacting
chemical solutions, technology avoids generation of the
extra gas saturation in reservoir conditions and following
carbon dioxide breakthrough in producing wells, which is
observed during implementation of the conventional tech-
nologies (Choubineh et al. 2019). In this case, it is possible
to expand the process over time, providing periodic “energy
recharge” of hard-to-reach areas of the reservoir as a whole,
with effective oil displacement by water—gas slug.

Methodology
Aims and assumptions

The purpose of the laboratory experiments was to evaluate
the efficiency of the new technique under the field imple-
mentation and the choice of technological parameters. In the
experiments, a selection of chemical agents used as additives
to gas-releasing and gas-forming water solutions in field
operations was made.

Experimental setup was designed and built in order to test
the volume and the pressure of the generated CO, gas from
the new technique. Effect of the process components on the
miscibility of the CO, gas was investigated. Gas generation
properties of the gas-releasing and gas-forming composi-
tions involved in new technology were measured. Experi-
ments were conducted to measure the volume and the pres-
sure of the CO, gas generated according to the new method.
An experimental apparatus was designed, built and used for
these purposes. The designed setup allowed initiating and
controlling the reaction between the “gas-releasing” and
“gas-forming” agents. An aqueous solution of acid with the
special chemical additives was used as a gas-releasing solu-
tion, and a neutral salt of carbonic acid was used as a gas-
forming solution. The temperature was controlled and the
gas composition was analyzed during the reaction process.

A sweep efficiency enhancement using foams, polymers
and surfactant formulations proposed by new technology
was studied experimentally. This core work will be directed
at evaluating the steady-state mobility properties of the
foams in individual cores, each with a different permeabil-
ity so that a wide range of permeability is covered Fig. 2.

CO, generation kinetics study

In order to analyze the features of CO, generation process,
the laboratory tests were performed on the carbon dioxide
generation in a PVT cell and in the core samples (porous
medium). Results of the first series of experiments in the
PVT cell show the effect of physical and chemical charac-
teristics on the generated gas volume and pressure dynam-
ics during that reaction of gas-releasing and gas-forming
solutions (Figs. 3 and 4). The water phase of chemical
agents used in laboratory tests was distilled fresh water
and reservoir water of Binagady oil field (Azerbaijan),
with the physical and chemical characteristics given in
Tables 1 and 2.

The results of the stoichiometric reaction between
gas-releasing aqueous solutions formed on the basis of
distilled, fresh and reservoir water have proven that the
pressure and volumetric characteristics of the reaction dif-
fer depending on the type of water phase involved in the
reaction. This difference is reflected, primarily, in the rate
of pressure change during the carbon dioxide release at the
initial stage of the reaction (Fig. 3).

Considering, it is natural that solubility of generated
carbon dioxide in formation water is significantly less than
solubility in fresh water, used as the aqueous phase of the
gas-releasing agent. The rate of pressure buildup differs
significantly for separate types of water-based gas-releas-
ing chemical compositions. The rate of pressure buildup
during the reaction of 10 ml of chemical solutions was dP/
dt =180 Pa/min for distilled water, dP/dt =212 Pa/min for
fresh water; and dP/dt= 638 Pa/min during experiments
with reservoir water. The results obtained are important for
saturation front line control during gas flooding (Frenkel
1975; Jia et al.2019).

At the next stage of laboratory tests, gas-releasing reac-
tion in core samples (composed of 95% quartz sand and
5% montmorillonite clay) was evaluated. Here we find
a slightly different effect from the previous tests—the
increase in the pressure at the beginning of test to some
extreme value, and then slight drop in the values. Porous
medium effects on the dynamics of pressure changes dur-
ing the stoichiometric reaction—relationship between
pressure and gas release is non-equilibrium (Fig. 4, curves
1, 2). In contrast, CO, generation in porous medium from
gas-releasing solution prepared from the formation water,
displays the monotonous pressure dynamics (Fig. 4, curve
3).

Thermodynamic conditions of CO, solubility define
dependence of this parameter on the pressure and temper-
ature—as the pressure increases, the solubility of carbon
dioxide increases, while during the constant pressure, the
change is controlled by the temperature (Figs. 5 and 6).
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Fig.4 Pressure buildup curve 120,0
during the reaction of gas-
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tions (different water types) in 3
a porous medium (95% quartz 100.0 M '
sand and 5% montmorillonite ’ 2
clay) A SN
1
o 80,0 -
o
=
i
a
¥ 60,0 -
=]
a
2
[+ %
=== distilled water saturated porous medium and gassing solution
40,0 o s
on distilled water
—=fresh water saturated porous medium and gassing solution on
fresh water
20,0 === formation water saturated porous medium and gassing
solution on formation water
0,0
0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0
Time, min
Table 1 Physical and chemical Ca2* M gz+ CaZ* +M g2+ Na* cr- S0, HCO.~ SK Si0.2
properties of fresh water sample 4 3 3
(Shollar water type, Azerbaijan) mEq/l
3.8 22 6.0 0.5 0.2 1.9 44 6.5 18.2
Table2 Physical and chemical o+ Mg+ Na+K cl S0, HCO, +CO, RCOO HB,O,
properties of formation water
sample of Binagady oil field mEq/1
(Azerbaijan) 15.0 24.6 17.9 771.8 42 279 9.1 1.4

Theoretical background

For mathematical characterization of the gas-releasing rela-
tionships, we can use exponential functions for relaxation
model in the form of linear first-order differential equations.
However, this approach will not capture all details of gas
generation processes, especially for high mineralization
fluids. Assuming, that the previously released gas bubbles
(C—concentration of bubbles) partially dissolve, and also
contribute to slowing down of gas release, we assume that
the rate of bubbles generation is as follows:

v=v, —v,C —v;C* 1)

where v,—the rate of gas formation without interference;
v,—rate of dissolution of gas bubbles; v;—the rate of

slowing down the formation of new gas bubbles; C—gas
bubbles concentration.

The nonlinear models in the form of kinetic equations,
describing gas releasing, are also proposed in the manner
similar to the one mentioned below:

dC

E:v—aC 2

where a—solubility factor.

dC

T =V —v,C —v;C* —aC 3)

Assuming that there is a linear relationship between
bubble concentration and pressure:
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Fig.5 Calculated volumes of
generated carbon dioxide under
different thermodynamic param-
eters of stoichiometric chemical
reaction

Generated volume of CO,, m?

Fig.6 Estimated volume of
generated carbon dioxide under
various thermodynamic condi-
tions of stoichiometric chemical
reaction of acid solution and
neutral salt of carbonic acid

CO, volume, m3

P = kC.

k—rate of pressure change.

7
—==T=373,15 K
6 - =T=423,15K
—=T=471,15 K
=O==T=393,15 K
5
4
3
2
1
0]
0 10 20 30 40 50 60
Pressure P, MPa
4
> /)/O
3 M/’
/ O
2,5 —X/D—"_D
1,5
e e
1 e —>=P=7,0 MPa
={J==P=9 0 MPa
0,5 = P=10,0 MPa
== P=15,0 MPa
0 == P=20,0 MPa
300 320 340 360 380 400 420 440
Temperature, K
dP V3
i kv — (a + vz)P - IPz )

Then, the kinetic equation will be:
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a, = k,v,—parameter that affects the change in pressure
under gas release;

a, = a + v,—parameter that takes into account the
effect of partial dissolution of gas nuclei on the pressure
change;

as = Vf—a coefficient that accounts for the influence of
already existing gas nuclei on the pressure change.

Then, we get:

(31—}; =a, — a,P — a;P* 5)

To estimate the coefficients a,, a,, as, the method based
on the theory of sensitivity was used. If there are coeffi-
cients (a, and a;) that correspond to the partial dissolution
of the bubbles and the influence of already formed gas
nuclei, respectively, on pressure change, the solution (4)
will have the form:

1 2
P= 5 |21 i) ] ©

where A = /a3 + 4a,a;—(Fig. 3—curves 1 and 3).

As it follows from the experiments, in the case of the
reservoir water used as the water phase of the gas-releas-
ing solution (such as Binagady oil field), the coefficient
that controls the effect of dissolution of the gas nuclei, is
negligible. Therefore, Eq. (4) can be written as:

dp_

T a;P? @)

which can be presented as a dependency of pressure P vs.
time ¢.

P=q/2(1-—2— @®)
h as 1+e2‘/a1a3(z+C)

describing curve 2 (Fig. 3).

The pressure drop at the final stage of gas release in
porous medium is caused by the adsorption of gas bubbles
on the surface of the pore channels, followed by diffusion
of gas molecules into the rock grains (Al-Saedi et al. 2019;
Kristanto et al. 2020; Bila and Torsater 2020; Mukaila
and Saleh 2020). In this case, the expression describing
the formation and dissolution of gas bubbles is possible in
the form(Mandrik et al. 2010):

dpP

ikl a,P(t) — ayP*(t — 1) 9)

a, and as—coefficients that determine the pressure
change taking into account the influence of gas molecules
formed and diffusing into the rock particles, respectively;

—the characteristic time of diffusion.

In general, solution of Eq. (8) is searched up in the
form:

1> 1y, P(t) = Py(1),t € E,, = (1g — 7.1, (10)

In the case when the CO, gas generation reaction takes
place in porous media and aqueous phase gas-evolving
solution is formation water, equation can be written as (7),
the solution of which can be represented in the form of the
dependence of P on ¢ (Eq. (8), describing a curves 1 and 2
(Fig. 4)).

Now, let us find a solution that satisfies these conditions.
Assume that 7 > 0 is a lag constant. On the segment of the
function P(?), the function a; — a,P(t) — a;P*(t — ) at 1> 1,
is continuous.

First, consider the solution of problem (8-9) on the
segment [, = [to,to + T]. Obviously, when #) <t <, + 7.
Consequently, forr € I, (t — 7) = Py(t — 7) and the problem
is finding a simple differential equation that satisfies the
condition

P(ty) = Py(1o) (11)

Here, the function F(r) = a; — a,P(t) — a;P5(t — 7) on the
segment?, <t < t, + 7 is continuous. Then, from Peano the-
orem, there is a solution of functions (8), (11) on segments
[toto+a],0<a <

Assuming that @ < 7, the solution is searched up to /;.
Denoting this solution as P,(¢) and continuing the process

Py, t € Ey
P,(1),tel,
P,(1),tel,

P(t) =

then the function P(¢) is the solution (8-9).
The solution of the problem is presented in the form:

Py(1) = —“‘(1——2 > (1o — 7. 1]
1 - ’ 0 > f0
P(t) _ as 1 +62,/a1a3(t+c)

C+a, — azet=?
; tel.

P+

—2a,

12)

Actually, the solution of the problem is: P(r) = ¢2~¢'(=),
The conducted experiments draw to a conclusion that
during the use of gas-releasing aqueous solutions formed
from the reservoir water, there is a rapid rate of gas release
into the third phase at the initial moments of the reaction. In
addition, the absence of a diffusion factor leads to the best
result in the distribution of water and oil saturation in the
displacement zone. Intensive gas release at the initial stage
of the reaction slows down the speed of the frontal satura-
tion spike, while the rate of reservoir flooding is reduced in
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comparison with fresh water as a consequence. This conclu-
sion is clearly confirmed by the results of laboratory experi-
ments on the oil displacement using CO, slug prepared
from formation water as aqueous phase of the gas-releasing
solution. A sequence of simultaneously ongoing irreversible
processes in a non-equilibrated system provides integrative
efficiency of residual oil displacement.

Coreflood experiments

Oil displacement from the porous medium by gas-releasing
and gas-forming solutions was studied, as the part of the
laboratory tests (Panakhov and Abbasov 2004). Laboratory
experiments were carried out on the core samples simulating
reservoir in the state of conditions, presented in Table 3. The
experimental setup is shown in Fig. 7.

The core sample was 14.31 cm in length, with the diam-
eter of 2.5 cm. Porosity of the sample was 39.68%, while
gas and water permeability, respectively, are also shown in

Table. 3. To prevent gas and liquid channeling between the
porous medium and test cell, an abrasive layer is created on
the wall of the steel core holder by mixing quartz sand with
epoxy glue. After the mixture has solidified, then the core
sample is placed in the core holder.

The reservoir properties of the Penglai oil field (Bohai
Bay) pilot site were previously modeled.

1. Saturation of the core sample with reservoir water—
determination of the core permeability. All elements of
the experimental setup were connected by copper tubes. A
constant temperature was maintained in the PVT cell and
core holder by means of rubber hoses that circulated water
from the thermostat. The PVT cell was filled with a water
sample, and water was pumped through the tubes into the
core sample. To achieve full saturation of the model with
reservoir water, five—six pore volumes were injected through
the sample. The pressure sensors were used to measure the
pressure at the inlet and outlet of the core sample. The water
permeability was determined. The experimental installation

Table 3 Core samples

properties Core sample

Water sample

Core sample Core sample Permeability, Pore volume, ml

(well #) length, cm diameter, cm mD
1 El 7.2 2.51 615 18.3
2 E2 7.29 2.52 910 18.1
3 HI 7.53 2.49 980 18.9
4 H2 7.21 2.51 880 18.3

Fig. 7 Experimental setup: 1—vacuum line; 2—porous medium; 3—standard pressure gauge; 4—PVT cell; S—metric press; 6—ultratermostat;

7—pressure sensor; 8—laptop; 9—pressure control sensor
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was thermostated at a temperature of 65 °C. Flow rate was
0.017 cm®/s, water viscosity—u,,=0.48 mPas. The pore vol-
ume V), of the core under test was determined.

2. Next, water was displaced by oil to simulate an initial
oil saturation with residual water saturation. In the PVT cell,
water was replaced with a sample of reservoir oil, and then,
oil was injected to the model input. Thus, the initial oil satu-
ration conditions were modeled:

Soiin = (15.8/18)100% = 88%.

3. Oil displacement by injected water—simulated condi-
tions of the flooding of the reservoir. To do this, the PVT
cell was filled with a water sample and water was pumped to
the model input. Four pore volumes of water were injected.
During the third stage of oil displacement by reservoir water,
the flow rate was maintained at Q=0.017 cm?/s. Four pore
volumes of water were injected—>54 ml, while the volume
of displaced oil was V;;=8.6; 7.4; 7.0 and 7.0 ml for four
different core samples, respectively. The dynamics of pres-
sure change is shown in Fig. 8. Residual oil saturation after
third stage was:

S.. = (15.8-7.2)/18)100% = (8.6/18)100% = 47.7%

4. Displacement of residual oil with CO,-slug: gas-releas-
ing and gas-forming aqueous solutions of chemical agents
were previously prepared. As a gas-releasing agent, a 9%
aqueous solution of acid (AS) with additives of inhibitors
was used, and as a gas-forming solution, a 12% aqueous
solution of the neutral salt of carbonic acid (NSCA) with
additives of a water-soluble polymer of the acrylic group

and an additional chemical have been used. Sequentially and
alternating portions of gas-releasing and gas-forming solu-
tions were injected through four pores volumes of displace-
ment fluid (Table 4).

The parameters of the injection of chemical solutions of
gas-generating agents during the consequent oil displace-
ment were as follows: flow rate—Q =0.017 cm’/s, while
the volume of displaced oil for different cores was V;;=6.5;
6; 6; 6.3 ml, respectively. Pressure changes in the porous
medium during the injection of gas-generating solutions are
characterized by periodic fluctuations and shown in Fig. 8.

Chemical reaction between the chemical reaction occur-
ring between the gas-releasing compositions leads to the
release of CO,, the formation of a gas—liquid slug, a local
increase in pressure in the channels, and the redirection of
the displacing fluid to the stagnant filtration zones.

Residual oil saturation was determined: S,., co, =(8,6—6
,5)/18)100% =2,1/18=11,6%.

Comparison of the pressure dynamics under oil displace-
ment by reservoir water (Fig. 8) and in situ generated CO,
slug (Fig. 9) clearly confirms the formation of gas release
zones in a porous medium with a periodic gas formation
in pore channels not covered by water injection (flooding).
Pressure in the reaction zone is higher (1200:500; 200:50)
than in other reservoir areas. The nature of the process
stimulates the fluid flow diversion to the uncovered pore
channels, as a result, an increase in sweep efficiency occurs.

The four core samples were under the tests until dis-
placement factor was stabilized (~3+4 V, ). From this
point, as gas-releasing solutions were injected, pressure
increase was observed, while incremental oil was also

Fig.8 Dynamics of pressure 1000
change under the oil displace-
ment by reservoir water—core 900
sample (95% quartz sand and
5% montmorillonite clay) 800
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Table 4 Gas-generating

- e . . CO, generated solutions Time Volume, ml CO, generated solutions Time Volume, ml

solutions injection algorithm in

core samples Core sample #1 Core sample #2
NSCA 0:00 6.0 NSCA 0:00 6.0
AS 06:34 6.0 AS 07:04 6.0
NSCA 12:37 4.0 NSCA 13:07 4.0
AS 16:39 4.0 AS 17:09 4.0
NSCA 21:12 4.0 NSCA 21:11 4.0
AS 24:43 4.0 AS 25:43 4.0
NSCA 28:45 4.0 NSCA 29:15 4.0
AS 32:47 4.0 AS 33:17 4.0
Water 36:49 18.0 Water 38:49 18.0
Core sample #3 Core sample #4
NSCA 0:00 6.0 NSCA 0:00 6.0
AS 06:05 6.0 AS 07:02 6.0
NSCA 12:08 4.0 NSCA 13:09 4.0
AS 16:10 4.0 AS 17:15 4.0
NSCA 20:12 4.0 NSCA 21:12 4.0
AS 24:13 4.0 AS 25:13 4.0
NSCA 28:15 4.0 NSCA 29:11 4.0
AS 32:17 4.0 AS 32:47 4.0
Water 36:19 18.0 Water 36:19 18.0

Fig.9 Pressure dynamics under 2500

oil displacement by in situ

generated CO, slug

2000

Pressure, kPa
[y
(9]
o
o

[
o
o
o

500

0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:00
Time

recovered from core sample. The incremental recovery  Results of laboratory test

ranged between 30 and 35% oil original in place. Table 5

shows the results of core flooding experiments. Thus, the experiment carried out on 4 samples of artificial
cores (quartz sandstone) showed the following:
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Table 5 Laboratory tests on

S o Core sample Group of Vp, ml V,, ml Residual oil volume Vi (after displace-
oil displacement by in situ wells (V=3V), ml ment by CO, slug),
generated CO, slug P ml

1* E 18.3 15.8 7.2 6.5
2% E 18.1 16.4 9 6.0
Rk H 18.9 17 10 6.0
4k H 18.3 15.5 8.5 6.3

*H well group samples; **E well group samples

1. The oil displacement factor by water after injection of
three pore volumes was achieved until its value stabi-
lized to the level of the current oil displacement factor
on oil field.

2. At the stage of oil displacement by the injected water,
the value of residual oil saturation was reached, cor-
responding to the current value of oil saturation in the
field.

3. At the contact of the injected portions of the aqueous
acid solution and the average carbonic acid salt in the
pores of the core sample, an increase in pressure and an
increase in oil recovery factor (30-35% oil in place) have
been observed at the core outlet.

Laboratory results established the technology adapta-
tion principles for field-scale application. Newly developed
method of in situ carbon dioxide generation and formation
of a gas-liquid slug has potentially effective possibilities
for obtaining industrially significant results for residual oil
recovery. The implementation of the new CO, technology
provides high economic and technological efficiency in
accordance with the geological, technical and technological
conditions of various fields (Hu et al. 2020; Tian et al. 2014,
Mandrik et al. 2010; Shakhverdiev and Panahov 2010).

Field implementation.

A set of theoretical and laboratory studies provided the foun-
dation for the application of technology across the number
of Chinese oil fields—both on- and offshore.

Reservoir rocks across fields in China, in majority, are
represented by sandstone or the mixture of sandstone and
conglomeratic rocks, consisting mainly of detritus (Mandrik
et al. 2010). Most oil fields belong to the fluvio-deltaic depo-
sitional systems, the permeability of which varies widely
and is characterized by a clearly defined anisotropy (Tian
et al. 2014; Trivedi and Babadagli 2009).

The long-term development and exploitation of China’s
oil and gas reserves eventually led to a gradual decline in
the recoverable volumes. Most of the existing oil fields in
China are mature oil fields and are currently characterized
by low reservoir pressure and oil saturation. This factor

leads to the categorization of recoverable reserves to the
group of hard-to-recover reserves (Hu et al. 2020).

Since the mid-1970 s, China has widely used the hydro-
carbon gases (alkanes) injection technology, which led to
the 90% growth in oil recovery (Hou 2016; Ho6k 2010;
Shakhverdiev 2008). However, due to the high cost and
limited supply of such agents, there was a need to identify
cheap replacement for the alkanes. Since the 1980 s of the
twentieth century, nitrogen and carbon dioxide have been
identified as the substitutes of hydrocarbon gases as an
injecting agent. Currently, these newly identified agents
have almost completely replaced alkane gases in EOR
technology in China. The technological effect proved to be
in the interest of the oil production industry, which made
it possible to use industrially generated flue gases contain-
ing about 10-14% CO,; ~80% N, and a certain amount of
excess oxygen as injection agents (Chen et.al 2010).

In the context of innovative solutions for in situ CO,
slug generation, we present the results of industrial appli-
cation of an innovative EOR technology for residual oil
reserves extraction. The next paragraph describes field
cases of the in situ gas generation with the formation of
a gas-liquid system, which in its turn is used as an oil
displacement slug, resulting in improvement of sweep
efficiency. Establishing the relationship between thermo-
dynamics conditions of gas saturation to the specific con-
ditions of liquid hydrocarbons occurrence, is an important
element of the work (Panakhov et al. 2006; Panakhov and
Omrani 2008; Shakhverdiev et al. 2008; Shakhverdiev
et al. 2004; Shakhverdiev et al. 2010; Shakhverdiev and
Panakhov 2000; Speight 2019).

Technology of in situ CO, generation was applied on the
group of wells on Penglai offshore oil field (Bohai Bay),
operated by CNOOC oil company with the support of the
COSL Service Company. The well treatment operations
were carried out with the cycled injection of gas-forming
and gas-releasing chemical compositions on two injection
wells.

The well treatment was carried out on two groups of
wells: group of injection well #E25 and seven responding
production wells and group of injection well #HS and eight
responding wells.
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Comparative analysis of proposed groups of the
wells on the subject of conformity to the requirements
of the pilot treatment has displayed that the permeabil-
ity and porosity of the reservoir (19.7-4997 mD, poros-
ity—29-29%), lithology, reservoir flooding performance
of production wells correspond to the optimal case of the
effective technology realization. Heavy oils are in abun-
dant proportion in reservoir fluids, and in situ viscosity
is 57.0-338.0 mPa 's. Oil viscosity at surface conditions
is 983.0-4565.0 mPa ‘s. Reservoir fluids are presented by
the highly mineralized, chlorocalcium and sodium types
of the fluids, and the mineralization values are within the
range of 4481-7154 mg/l.

It should be noted that carbon dioxide generated under
injection of gas-generating compositions is a favorable factor
affecting the reduction of viscosity, and provides a volumet-
ric effect in the extracted oil and stimulation of additional
inflow to the producing wells.

The production wells’ performance and water break-
through events were monitored after the conclusion of
the stimulating operations. Analysis of the water injection
through the injection well showed that there is a change in
the injection pressure from 1.4 to 5.7 MPa (AP =4.3 MPa),
which indirectly points to the increase in hydraulic resist-
ance at the waterfront and flow reorientation in the direction

120

Average oil rate before traetment,
m3/d

100 — mAverage oil rate after traetment,
m3/d

o]
o

of low-permeable pathways of the formation, previously not
covered by displacement procedures.

Injection well treatment operation included sequential
injection of aqueous solutions of reacting compositions of
chemical agents into the intervals of interest. Chemical com-
positions were prepared directly at the wellhead.

Trends of oil production and water cut indicators of
responding wells showed that there is a positive reaction
to the in situ CO, —slug impact, which was expressed as a
change in the average daily oil rate and a drop in the water
content of the responding wells.

Preliminary results of the technological operation con-
firmed that the incremental oil production after treatment
(taking into account the decrease in production for three
production wells) was 37,740 bbl of crude oil.

The average daily flow rate and water cut performance
for eight responding production wells, which were subject
for the in situ CO, treatment, are shown in Figs. 10 and 11.
It should also be mentioned that these wells are the part of
nine-point field production system.

Technology has also been applied on two injection wells
on the Penglai offshore field (Bohai Bay). The Penglai 9-1
(PL9-1) oil field, which contains China’s third largest off-
shore oil accumulation, was found in shallow reservoirs
(700-1700 m) within the most active fault zone in east
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Fig. 10 Trend of the average daily production for eight responding wells at the pilot site of in situ CO2 generation technology implementation
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Fig. 11 Trend of water cut of eight responding wells at the pilot site of in situ CO, generation technology implementation

China. The PL9-1 field contains two oil-bearing series, the
granite intrusions in Mesozoic (Mz) and both the sandstone
reservoirs in Neogene Guantao (Ng) and Neogene Ming-
huazhen (Nm) Formation. The Mesozoic granite intrusions,
which hold more than 80% of the oil reserves in the field,
were charged in the west by oil generated from the third
member (Es3) of the Shahejie Formation in the Bodong
depression. The Neogene reservoirs of the PL9-1 field were
charged in the west by oil generated from the third mem-
ber (Es3) of the Shahejie Formation in the Bodong depres-
sion and in the south by oil generated from the first member
(Esl) of the Shahejie Formation in the Miaoxibei depres-
sion. Interactive contact between the large fan delta and the
mature source rocks residing in the Es3 Formation of the
Bodong depression resulted in a high expulsion efficiency
from the source rocks and rapid oil accumulation in the
PL9-1 field, which probably explains how can this large oil
field accumulate and preserve within the largest and most
active fault zone in east China. (Tian et al. 2014).

The PL19-3 formation has good reservoir characteristics
and is characterized by moderately high porosity and high
permeability (Tables 6, 7). It should be noted that clay min-
erals are composed mainly of kaolinite, illite, smectite and
chlorite.

The designed volumes of generated gas—liquid slug
are based on technological parameters under technology

Table 6 Reservoir characteristics

Formation Porosity (%) Permeability (mD)
Range Average Range Average
Nm_Lower 23.5-34.7 30.6 17-2200 606
Ng_Upper 20.6-32.6 28.3 15-2330 761
Ng_Lower 18.9-30.0 233 18-5900 859

application and excluded of necessity of significant vol-
umes injection under CO2-liquid slug waterflooding.
Results of laboratory and field researches confirm that
injection of relatively small slug allows reaching satisfy-
ing sweep efficiency of 0.5-1.0% of pore volume.

Estimation of slug volumes is made proceeding from
mining method, the scheme of wells arrangement and res-
ervoir characteristics.

Reservoir research covers the following operations: well
interference testing; oilfield geometry sizes; formation
thickness, oil-saturated interlayer thickness; permeability,
porosity; formation pressure, formation temperature; bed
intake; injectivity profile, etc.

Main influence factors for successive in situ CO, gen-
eration are: residual reserves; formation pressure, tempera-
ture; fluid property (formation water and oil); reservoir
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Table 7 Physical and geological
terms of in situ CO, technology

Reservoir

Terrigenous, carbonate

applicability Oil properties

Thermobaric limitation

Mineralization and formation water type

Wide range of density—0.75+0.940 g/cm®; and viscos-
ity—up to 1000 cP

Temperature (T) > 40 °C, reservoir pressure—no limitation

Technology is effective in wide range water mineralization
and formation water types

characteristic (porosity and permeability); formation het-
erogeneity; reservoir correlation; minerals components.

The selection of well group acceptable for reservoir
treatment is carried out by results of the dynamic analysis
of oil field development, determination of reservoir drain-
ability factor, injectivity test, estimation of hydrodynamic
correlation, etc.

The field operation was performed through several
cycles of injection of gas-forming and gas-releasing chem-
ical compositions.

The following groups of wells were considered as the
subjects of the test:

e The first group—injection well #1 with 14 responding
production wells;

e The second group—injection well #2 and 12 respond-
ing production wells.

Comparative analysis of proposed groups of the wells
on the subject of conformity to the requirements of the
pilot treatment displayed the porosity and permeability
of the reservoir. The key oil-saturated injection interval
is represented by sandstones, with the wide range of per-
meability: from low-permeable reservoirs—19.7 mD to
high-permeable reservoirs—4997.0 mD; the porosity of
the reservoir is 28.0-29.0% on average, and the tempera-
ture gradient is 3 °C/100 m. The production interval is
characterized by interbedded intervals of water and oil
saturation. The oil saturation of the reservoir is 54% on
average, which can be considered as an acceptable satura-
tion according to the requirements.

Similarity to the previous case, heavy oils are in abun-
dant proportion in reservoir fluids, with in situ viscos-
ity within 57.0 +338.0 MPa's. Viscosity of oil under
surface conditions varies from 983.0 to 4565.0 MPa's.
Formation waters are highly mineralized, of chlorocal-
cium and sodium type and mineralization in the range of
4481-7154 mg/l. The effects on the viscosity and produc-
tion are similar to the previously mentioned example, with
the positive outcome on the production wells (Table 8).

The treatment operation scheme (sequential injection
of portions of gas-releasing and gas-forming compositions
into the formation) is presented in Fig. 12.
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Table 8 Oil properties of Penglai oil field

Density 0.915-0.991 g/cm?, average 0.961 g/em®
Viscosity 29-2471 mPa.s, mainly 500 mPa.s

Acid number 2-10 mg KOH/cm®

Sulfur 0.35-0.49%

Asphaltenes 0.11-3.54%

Paraffins 0.46-8.8%

Condensation point —28104.4C

As it was done for the previous example, the water
cut and production rate were under continuous monitor-
ing after the treatment. The performance of the respond-
ing production wells indicates a positive respond to the
treatment, characterized by the surge in average daily oil
rate and a decrease in water cut for most of the surround-
ing wells in the testing area. Preliminary results of the
reservoir stimulation confirmed the increase in the total
incremental oil production after treatment operation.
Dynamics of the average daily oil rate and water cut for
the surrounding wells of the nine-point field development
system are presented in Figs. 13, 14, 15.

The CO,-EOR operations for heterogeneous reservoirs
should be designed with the consideration of CO, distribu-
tion and utilization rate, as wells as gradual oil production,
with relevant understanding of the lithological and stereo-
graphical complexity, fracture gradient, and in situ fracture
system.

Conclusions

Based on conducted laboratory research and field implemen-
tation, the following conclusions can be made:

1. Several physical and hydrodynamic phenomena of in situ
CO, generation in highly permeable zones of a porous
medium have been achieved as a part of complex study,
which involved laboratory tests on the field-scale indus-
trial technology applications, determination of optimal
concentrations of foaming reagents and inhibiting addi-
tives in gas-releasing solutions. The main hydrodynami-
cal advantages of in situ CO, generation are additional
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resistance to the flow of injected water by stable foam
barrier in highly permeable reservoir zones; dissolution
of the in situ generated carbon dioxide, as a result of the
volume effect, which widens the displacement area and
provides an increase in the oil recovery factor.

2. The gas-releasing aqueous solutions are formed from
the reservoir water, which are used in the process in a
rapid rate of gas release into the third phase at the initial
moments of the reaction. In addition, the absence of a
diffusion factor leads to the best result in the distribution
of water and oil saturations in the displacement zone.
Intensive gas release at the initial stage of the reaction
slows down the speed of the frontal saturation spike,
while the rate of reservoir flooding is reduced in com-
parison with fresh water as a consequence.

3. Laboratory tests of the core samples with varying per-
meability and porosity, correlated with field properties,
showed that the incremental recovery ranged between 30
and 35% oil original in place under sequential injection
of portions of gas-releasing and gas-forming composi-
tions into the porous medium.

4. At the same time, new in situ CO, slug generation has
a number of advantages that makes it stand out from
conventional gas flooding technologies:

e Treatment operations in complex areas, both off-
shore and onshore oil and gas fields with compli-
cated climatic conditions;

e No additional communications and power supply
for CO, injection;

e Technological advantage, defined by the absence
of requirements for CO, source and pipeline infra-
structure;

e Profitability of the technology, defined by the
in situ conditions for CO, generation and forma-
tion of a gas-liquid slug.

5. Field operation results confirmed about 37,740 bbl of
incremental oil production after reservoir stimulation
with in situ CO, generation (taking into account the
decrease in production for three production wells). The-
oretical and laboratory studies, as well as the results of
industrial implementation of a new method of residual
oil recovery, using a CO,-slug confirm technology and
economic profitability of the proposed solution. Tech-
nology can be considered as an effective way to increase
oil recovery by actively stimulating the reservoir with
in situ CO, generation.
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